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Abstract Soil organic matter (SOM) in tropical
forests is an important store of carbon (C) and
nutrients. Although SOM storage could be affected
by global changes via altered plant productivity, we
know relatively little about SOM stabilisation and
turnover in tropical forests compared to temperate
systems. Here, we investigated changes in soil C and N
within particle size fractions representing particulate
organic matter (POM) and mineral-associated organic
matter (MAOM) after 13 years of experimental litter
removal (L-) and litter addition (L?) treatments in a
lowland tropical forest. We hypothesized that reduced
nitrogen (N) availability in L- plots would result in
N-mining of MAOM, whereas long-term litter addi-
tion would increase POM, without altering the C:N
ratio of SOM fractions. Overall, SOM-N declined
more than SOM-C with litter removal, providing
evidence of N-mining in the L- plots, which
increased the soil C:N ratio. However, contrary to
expectations, the C:N ratio increased most in the
largest POM fraction, whereas the C:N ratio of
MAOM remained unchanged. We did not observe
the expected increases in POM with litter addition,
which we attribute to rapid turnover of unprotected
SOM. Measurements of ion exchange rates to assess
changes in N availability and soil chemistry revealed
that litter removal increased the mobility of ammo-
nium-N and aluminium, whereas litter addition
increased the mobility of nitrate-N and iron, which
could indicate SOM priming in both treatments. Our
study suggests that altered litter inputs affect multiple
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processes contributing to SOM storage and we
propose potential mechanisms to inform future work.
Keywords Soil C:N ratio  SOM fractions  Litter
manipulation  Nitrogen availability  Priming  SOM
storage
Introduction
Tropical forest soils play a crucial role in the global
carbon (C) balance: they are the largest natural source
of carbon dioxide (CO2) and contain almost 1/3 of
global soil C stocks (Stockmann et al. 2013). Conse-
quently, even small changes in soil C stocks or
turnover rates in tropical forests have the potential to
influence atmospheric CO2 concentrations. Global
environmental changes such as warming, shifting
precipitation patterns, and extreme weather events can
influence soil C storage in tropical forests via their
impacts on net primary productivity and plant litter
inputs to the soil (Sayer et al. 2011). Plant litter can be
considered the ‘‘pump’’ in the C cycle of terrestrial
ecosystems, as the quality and quantity of litter inputs
are key drivers of decomposition processes and soil
organic matter formation (Paul 2016). Soil organic
matter (SOM) can be regarded as a continuum of
progressively decomposing organic compounds:
much of the organic matter entering soils is recognis-
ably plant material, which undergoes a series of
biological, chemical and physical transformations into
organic products that can be stabilised by association
with soil minerals (Lehmann and Kleber 2015).
Theoretically, increased plant inputs to the soil should
promote SOM formation but experimental studies in
temperate and tropical forests have clearly demon-
strated that increased inputs of plant litter to the soil
accumulate in relatively undecomposed fractions and
do not necessarily result in larger pools of stabilised
SOM, even over decadal timeframes (Sayer et al.
2019; Lajtha et al. 2014, 2018; Pisani et al. 2016).
Conceptually, SOM can be divided into particulate
organic matter (POM), made up of relatively unde-
composed lightweight fragments, and mineral-associ-
ated organic matter (MAOM) that is predominantly
formed by the products of microbial decomposition
(Lavallee et al. 2020; Cotrufo et al. 2019). The relative
accumulation of POM and MAOM may be
constrained by soil chemistry, microbial activity or
nutrient availability, and also depends strongly on soil
type and climate (Jilling et al. 2018; Cotrufo et al.
2019). In temperate soils, the persistence of MAOM is
often attributed to associations with mineral matrices
dominated by 2:1 phytosilicate clays, whereas in
tropical soils, aluminium and iron oxides, oxyhydrox-
ides and sesquioxides are thought to play a dominant
role (Coward et al. 2017). By contrast, the persistence
of POM is controlled mainly by microbial and
enzymatic inhibition (Lavallee et al. 2020) and POM
may therefore be a more sensitive indicator of changes
to SOM formation (Lehmann et al. 2001). However,
changes in POM accumulation and chemistry could
modify POM turnover and subsequently affect the
formation of MAOM, which will influence overall
SOM stabilization and storage (Grandy and Neff 2008;
Hofmockel et al. 2011).
Changes in nutrient availability, in particular
nitrogen (N), can modify SOM stabilisation and
storage and may differentially affect SOM associated
with different fractions (Grandy et al. 2008). Nitrogen
plays a key role in SOM formation (Billings and
Ballantyne 2013) because the C:N ratio of organic
matter in the early stages of decomposition is higher
than the C:N ratio of the microbial biomass, and
microbial decomposers therefore require N from
supplemental sources (Hessen et al. 2004). Indeed,
POM that has undergone little decomposition has a
C:N ratio similar to plant material (c. 10–40; Fornara
et al. 2011; Lavallee et al. 2020), which declines as
decomposition progresses (Khan et al. 2016), resulting
in MAOM with a C:N ratio similar to microbial
biomass (c. 8–13; Giannetta et al. 2019; Lavallee et al.
2020). As the transformation of plant material into
stabilised SOM requires N, the ability of soils to store
C is strongly linked to N availability (Kirkby et al.
2013; Paul 2016; Cotrufo et al. 2019) and N limitation
can reduce the microbial contribution to SOM forma-
tion (Khan et al. 2016). Furthermore, as MAOM is
relatively N-rich compared to plant material, micro-
bial degradation of MAOM can supply the N required
for litter decomposition (Fahey et al. 2011; Chen et al.
2014). Consequently, progressive N limitation can
constrain soil C storage under elevated atmospheric
CO2, despite increased plant inputs to the soil
(Hungate et al. 2003), whereas fertilization with N
can reduce microbial degradation of MAOM (Hage-
dorn et al. 2003).
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In highly weathered tropical soils, SOM stabilisa-
tion is often associated with high concentrations of
iron (Fe) and aluminium (Al) oxides, which are
capable of binding organic compounds into
stable organo-mineral complexes (Coward et al.
2017). The formation of organo-mineral complexes
by Al and Fe oxyhydroxides often involves nitroge-
nous compounds (Giannetta et al. 2019) which sug-
gests that N availability might also play a key role in
SOM stabilisation in tropical soils. Although N
availability in lowland tropical soils is often high
relative to other nutrients, tropical forest nutrient
cycles are also characterized as efficient, and a large
proportion of the nutrients required for plant growth is
recycled in litterfall (Vitousek 1984). We have
previously demonstrated that long-term experimental
treatments removing or adding aboveground litter in a
lowland tropical forest substantially altered the forest
N status, whereby litter addition treatments resulted in
a ‘leaky’ N cycle characterized by high concentrations
of nitrate-N in the soil, and increased soil nitrous oxide
emissions, whereas litter removal treatments reduced
N concentrations in soil and plant material, resulting in
enhanced plant N use efficiency (Sayer et al. 2020).
Hence, our litter manipulation treatments have
resulted in marked differences in the bioavailability
of both C and N, which could result in decoupling of C
and N dynamics during SOM formation (Bimüller
et al. 2014). Indeed, substantial changes in plant litter
inputs are likely to alter C and N cycling within SOM
pools, or the transfer of C and N between pools
(Hofmockel et al. 2011). Interestingly, both increased
and reduced plant litter inputs could promote SOM
mineralisation via ‘priming effects’, in which fresh
organic matter stimulates the mineralisation and
release of SOM (Kuzyakov et al. 2000). Dispropor-
tionate increases in soil respiration in response to litter
addition treatments have been attributed to increased
microbial activity in response to extra fresh organic
matter (Sulzman et al. 2005; Crow et al. 2009; Sayer
et al. 2007, 2011). However, declining N availability
with long-term litter removal could also cause priming
effects via microbial mining for N because N-deficient
plants can increase root exudation to stimulate micro-
bial release of N from SOM (Fontaine and Barot 2005;
Fontaine et al. 2007; Bengtson et al. 2012; Dijkstra
et al. 2013). In this case, MAOM may be particularly
vulnerable to priming, as it constitutes an important
source of N in the rhizosphere, with low C:N ratios
that facilitate N mineralization (Jilling et al. 2018).
Hence, changes in the distribution of C and N among
SOM fractions (Hofmockel et al. 2011), and simulta-
neous evaluation of the size and C:N ratios of litter,
microbial, and SOM pools could indicate whether
altered litter inputs affect SOM storage by modifying
N-availability.
Here, we quantified, for the first time, the C and N
content and C:N ratios of different SOM fractions after
more than a decade of monthly litter addition and litter
removal treatments in a lowland tropical forest. Given
that the litter manipulation treatments have substan-
tially modified plant C inputs and altered forest N
cycling, we aimed to assess whether differences in C
and N inputs and availability between litter addition
and removal treatments would alter the distribution of
C and N among SOM fractions. Although we do not
directly address the specific mechanisms underlying
changes in SOM pools, we based the following
hypotheses on substantially reduced N-availability
with litter removal, and increased N cycling in the
litter addition treatments (Sayer et al. 2020):
(H1) The C and N content of SOM will have
declined substantially in response to long-term
litter removal, but reduced N availability will
result in greater declines in N relative to C, and
therefore higher SOM C:N ratios compared to
controls
(H2) As MAOM represents a substantial source of
N, the largest declines in SOM-N with litter
removal will be observed in MAOM fractions
(H3) In litter addition treatments, high N availabil-
ity and concurrent increases in C and N inputs
with the added litter will result in increased
POM C and N content, but no change in POM
or MAOM C:N ratios.
We tested our hypotheses by quantifying the C and
N concentrations in soil particle size fractions repre-
senting POM and MAOM. We determined the C and N
content of the leaf litter and microbial biomass to
assess resource availability to microbial decomposers,
and we measured ion exchange rates to explore
potential links between N-availability and MAOM
stabilised by Al and Fe oxides.
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Methods
Experimental design and sample collection
We characterised changes in carbon (C) and nitrogen
(N) associated with different SOM fractions in a long-
term litter manipulation experiment after 13 years of
treatments. The study site is a 40-ha area of mature
lowland tropical forest on Gigante Peninsula, part of
the Barro Colorado Nature Monument, in Panama,
Central America (9060N, 79540W). The soils at the
study site are deep-red light clays (Baillie et al. 2007)
classified as Oxisols (Cavelier 1992) or Ferralsols with
kaolinite as the dominant clay mineral (Baillie et al.
2007). Soil pH is c. 5.5 and total organic C content is
c. 4–5% at 0–10 cm depth (Sayer et al. 2012; 2019).
The litter manipulation experiment comprises fifteen
45-m 9 45-m plots where, starting in January 2003,
the litter in five L- plots is removed each month and
added to five L? plots, nominally doubling litter
inputs, leaving five plots as undisturbed controls (CT;
Sayer and Tanner 2010; Sayer et al. 2020). Previous
work within the experimental plots has revealed no
differences in soil water content among treatments,
and only minor changes in soil temperature (\ 0.5 C
at 0–10 cm depth; Sayer et al. 2007).
After 13 years of treatments in September 2016, we
took five soil samples at 0–10 cm depth in each plot
using a 3-cm diameter punch corer. The soil cores
were pooled to give one composite sample per plot and
all subsequent analyses were performed on subsam-
ples of the same soils (n = 5 per treatment). We
focussed on mineral soil at 0–10 cm depth because we
have previously shown no differences among treat-
ments in soil organic C or total N at 10–20 cm or
20–30 cm depth (Tanner et al. 2016; Sayer et al.
2019). To determine litter C and N concentrations we
sampled monthly litterfall collected in five traps per
plot towards the end of the main growing season in
October 2017. The woody fraction was excluded, and
samples were pooled by plot, shredded and a subsam-
ple was finely ground for analysis. The concentrations
of C and N in the litter were determined by complete
combustion gas chromatography (Thermo Flash
EA1112, CE, Elantech, Lakewood, NJ, USA).
Particle-size fractionation
We quantified SOM associated with four soil particle-
size fractions. While we acknowledge that particle
size fractionation does not definitively distinguish
POM and MAOM, previous studies in the experimen-
tal plots demonstrated that particle size fractionation
yielded similar results to density fractions (Cusack
et al. 2018; Sayer et al. 2019). Hence, we use the cut-
off points for POM vs. MAOM recommended by
Lavallee et al. (2020) for ease of interpretation,
whereby we refer to two size fractions representing
POM (2000–200 lm and 200–50 lm) and two size
fractions representing MAOM (50–20 lm
and\ 20 lm).
We performed particle-size fractionation by wet-
sieving (Lopez-Sangil and Rovira 2013) on two
analytical replicates of each soil sample as described
in Sayer et al. (2019). Briefly, air-dried soil samples (c.
20 g) were agitated with distilled water (1:2 w:v) and
glass beads for 60 min at 160 rpm to break up soil
macro-aggregates. The soil slurry was passed through
a 200-lm sieve, washed thoroughly and micro-aggre-
gates were then disrupted by ultrasonication (55 W
power and 440 J cm-3 energy outputs), which was
optimised to the soils at the study site following
recommendations to limit C transfer among fractions
(Kaiser and Berher 2014; Poeplau and Don 2014). The
resulting slurry was passed through a sequence of two
sieves (50 and 20-lm mesh) into a receiver, and the
material retained in the 200-lm sieve was passed
through 2-mm mesh to remove large particles. The
slurry retained in the receiver (particle size\ 20 lm)
was brought to 1 L volume with distilled water and
resuspended with 8.7 g K2SO4 for overnight particle
flocculation, after which the supernatant was siphoned
off. All fractions were transferred to glass beakers,
dried at 65 C and weighed. Ground subsamples of the
bulk soil and the four size fractions (2000–200;
200–50; 50–20 and\ 20 lm) were analysed for total
N and organic C content by combustion oxidation
(Vario EL III CN analyser, Elementar Analyser
Systems, Hanau, Germany). The recovery of C and
N in the particle size fractions was 95 ± 2.5 and
94 ± 2.7%, respectively, and there were no significant
differences in the proportion of C or N recovered
among litter manipulation treatments.
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Microbial biomass and extractable C and N
To assess how litter manipulation affected the stoi-
chiometry of microbial decomposers and
extractable SOM, we determined total microbial
biomass carbon (CMIC) and nitrogen (NMIC) by
chloroform fumigation extraction using paired sub-
samples of fresh soil (8 g fresh weight) following
Vance et al. (1987) and Jones and Willett (2006).
Briefly, one subsample was immediately extracted in
40 ml 0.5 M K2SO4 and the other sample was
fumigated with ethanol-free chloroform for 24 h prior
to extraction. All extracts were shaken for 1 h, filtered
through pre-washed filter paper (Whatman 42) and
the total C and N content of the extracts were analysed
by oxidation combustion (TOC-L, Shimadzu Corpo-
ration, Kyoto, Japan). CMIC and NMIC were then
calculated as the difference between extractable C and
N from fumigated and unfumigated subsamples with-
out correction for extraction efficiency. We considered
the C and N in the K2SO4 extracts of unfumigated
samples as ‘‘extractable’’ C and N, which is highly
bioavailable (Giannetta et al. 2019).
Exchange rates of soil inorganic N, iron
and aluminium
To assess whether the availability of N to plants might
explain changes in SOM fractions, we measured the
exchange rates of ammonium-N and nitrate-N in the
soil during the growing season using ion exchange
resins (PRS Probes, Western Ag, Canada). Given the
importance of organo-mineral complexes involving
aluminium (Al) and iron (Fe) oxides in MAOM
formation in tropical soils (Zech et al. 1997; Coward
et al. 2017; Rasmussen et al. 2018), we also measured
the exchange rates of Fe and Al as potential indicators
of MAOM mobilisation. The exchange rates for
nitrate-N, but not ammonium-N, and exchangeable
base cations (K, Ca, Mg) have been previously
reported elsewhere (Sayer et al. 2020). We buried
four pairs of anion and cation exchange probes
vertically (0–10 cm depth) in the soil in each plot
for 42 days during the peak growing season (June–
July) and again towards the end of the growing season
(Nov–Dec) in 2017. After retrieval, the probes were
cleaned with deionised water and returned to the
manufacturer for analysis, where nitrate-N was deter-
mined by colourimetry and all remaining nutrient ions
were measured by ICP-MS after acid digest. Nutrient
exchange rates are based on the surface area of the
resin and the exposure time, and thus units are given as
lg nutrient 10 cm-2 42 d-1.
Data analyses
The C and N concentrations of different fractions were
corrected for differences in bulk density as described
in Sayer et al. 2019 and log-transformed as necessary
to meet modelling assumptions; all statistical analyses
were performed using mean values per plot (n = 5 per
treatment) in R version 3.6.1 (R Core Team 2020).
Although we previously omitted one plot per treat-
ment due to a large tree-fall (Sayer et al. 2019), here
we included the data from all 15 plots to retain
statistical power despite contamination issues with the
samples for total N concentrations and microbial
biomass in one L- and one CT plot, respectively.
We investigated whether litter treatments affected
the C and N concentrations or C:N ratio of SOM
associated with different size fractions using linear
mixed effects models (LME; lmer function in the
lme4 package; Pinheiro and Bates 2000), with treat-
ment, fraction, and their interaction as fixed effects
and block as a random effect. We assessed changes in
the relative proportions of POM vs. MAOM-C and N
using Generalised Linear Models (GLM) with a quasi-
binomial error distribution. We further tested differ-
ences among treatments in the C and N concentrations
and C:N ratios of microbial biomass, K2SO4 extracts,
leaf litter and bulk soil using one-way analysis of
variance (ANOVA), or Kruskal–Wallis tests when
data were resistant to transformation. Finally, we
tested the effects of treatment on the exchange rates of
ammonium-N, nitrate-N, Al and Fe using linear mixed
effects models with treatment as a fixed effect, and
time and block as random effects. Where overall
treatment effects were significant, we compared
individual treatment levels (litter addition or removal)
to controls using post-hoc tests based on Satterth-
waite’s approximation for linear mixed effects models
(difflsmeans function in the lmerTest package; Kuz-
netsova et al. 2017), treatment contrasts for ANOVAs,
and Holm’s post-hoc tests for Kruskal–Wallis tests
(DunnTest function in the DescTools package; Sig-
norell et al. 2018). We report significant effects at
p\ 0.05 and, given the potential relevance of small
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changes in SOM over time and the limited number of
replicates (n = 5), we also report trends at p\ 0.1.
Results
Bulk soil and particle size fractions
Litter removal substantially affected soil C and N, but
the effect of litter addition was much smaller. Total
soil organic C (TOC) was 37 ± 6% lower in the L-
plots and 19 ± 8% higher in the L? plots compared
to the controls (Fig. 1a; F2,12 = 35.7, p\ 0.001),
whereas total N was significantly 43 ± 7% lower in
the L- plots relative to the controls (F2,12 = 42.2,
p\ 0.001) and the slight increase in total N in the
L? plots was not significant (Fig. 1b). Overall, the
decline in total N with litter removal was greater than
the decline in TOC and there was a strong trend
towards a higher soil C:N ratio in the L- plots
(12.5 ± 0.3) relative to the controls (11.1 ± 0.2;
F2,12 = 3.8, p = 0.053), but no change in the soil
C:N ratio in the L? plots (11.9 ± 0.5; Fig. 1c).
Most of the soil organic C was contained in MAOM
(\ 50 lm), which accounted for[ 79% of the TOC
across all treatments, whereas the C contained in POM
(2000–50 lm) only accounted for 8–10% of the TOC.
Litter manipulation altered the distribution of C
between POM and MAOM: a smaller proportion of
TOC (79 ± 6%) was contained in MAOM in the
L? plots compared to the controls (89 ± 2%; GLM:
v2 = 0.27, p = 0.002) but litter removal did not affect
the proportion of TOC contained in MAOM
(91 ± 3%). By contrast, a smaller proportion of
TOC was contained in POM in the L- plots
(8.0 ± 0.4%) compared to the controls (9.7 ± 0.9%;
GLM: v2 = 0.08, p = 0.045), whereas litter addition
had no effect (9.1 ± 0.5%; Fig. 2a). The amount of
MAOM-C was significantly lower in L- plots com-
pared to controls but there was no effect of litter
addition, and although POM-C had declined markedly
in the L- plots compared to the L? plots, neither
treatment differed significantly from the controls
(Table 1; Fig. 2b; LME: v2 = 115.3, p\ 0.001).
The distribution of N in MAOM and POM largely
mirrored that of C, whereby the N contained in
MAOM accounted for[ 83% of the total N across
treatments and the N contained in POM accounted for
only 3–4% of total N. Although the proportion of total
N contained in MAOM and POM did not differ among
treatments (Fig. 2c), the amounts of MAOM-N and
POM-N were markedly lower in the L- plots
compared to the controls, with the largest decline in
POM-N (Table 1; Fig. 2d; v2 = 116.2, p\ 0.001).
Although litter removal resulted in greater declines in
N than C in both fractions (Table 1), the C:N ratios of
MAOM (CT: 11.0 ± 0.3, L? : 11.2 ± 0.3, L-:
11.7 ± 0.2) and POM (CT: 26 ± 1, L? : 29 ± 2,
L-: 30 ± 2) did not differ among treatments.
The distribution of C and N differed among particle
size fractions, with the largest amount of C and N in
the\ 20 lm MAOM fraction and the smallest
(a) (b) (c)
Fig. 1 Differences in a total organic carbon (TOC) b total
nitrogen (TN), and c the C:N ratio of the soil at 0–10 cm depth
after 13 years of litter manipulation treatments in a lowland
tropical forest in Panama, Central America, where L? is litter
addition (orange), L- is litter removal (purple) and CT is
controls (blue); soil mass was corrected for differences in bulk
density among treatments. Boxes denote the 25th and 75th
percentiles and median lines are given for n = 5, whiskers
indicate values up to 1.59 the interquartile range, and dots
indicate outliers. (Color figure online)
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amount in the 200–50 lm POM fraction (Fig. 3). As
expected, the C:N ratios of the fractions declined with
particle size, with the highest and most variable C:N
ratio in the 2000–200 lm POM fraction and the lowest
C:N ratio in the\ 20 lm MAOM fraction (Fig. 4).
The distribution of C among size fractions was similar
(a) (b)
(d)(c)




(MAOM) shown as a the
proportion of total organic
carbon (TOC); b carbon
(C) concentration; c the
proportion of total nitrogen
(TN) and d nitrogen
(N) concentration in the soil
at 0–10 cm depth after
13 years of litter
manipulation treatments in a
lowland tropical forest in
Panama, Central America.
Symbols and abbreviations
follow the legend to Fig. 1.
Note that the y-axes differ
between panels
Table 1 Changes in the amount of C and N contained in soil particle size fractions in response to long-term litter removal and litter
addition treatments in a lowland tropical forest in Panama, Central America
Size fraction Litter removal Litter addition
C (%) N (%) C (%) N (%)
POM lm)
2000–200 - 54.4 ± 6.4** - 68.0 ± 3.9** 12.0 ± 15.7 - 18.5 ± 10.0
200–50 - 23.0 ± 19.3** - 38.5 ± 20.0** 32.6 ± 17.3* 63.5 ± 36.3*
MAOM (lm)
50–20 - 36.5 ± 11.1** - 43.7 ± 11.5** 25.7 ± 6.9 20.3 ± 6.5
\ 20 - 36.1 ± 5.0** - 39.7 ± 5.7** 2.8 ± 2.9 1.6 ± 7.2
POM total - 44.9 ± 9.9 - 57.2 ± 9.4** 18.2 ± 15.3 10.5 ± 18.2
MAOM total - 36.2 ± 5.4** - 39.9 ± 5.9** 4.2 ± 2.5 2.3 ± 6.8
POM is particulate organic matter and MAOM is mineral-associated organic matter; proportional changes (%) are shown as
means ± SE relative to control plots for n = 5
**,*Indicate significant differences at p\ 0.001 and\ 0.01, respectively
Indicates trends at p\ 0.1
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across treatments, although the C concentration in
each fraction was generally higher in the L? plots and
lower in the L- plots compared to the controls
(Table 1; Fig. 3a; LME, treatment ? fraction effect:
v2 = 222.94, p\ 0.001).
Litter manipulation altered the distribution of N
among size fractions (Fig. 3b; treatment 9 fraction
interaction; v2 = 222.94, p\ 0.001). The amount of N
in all fractions was substantially lower in the L- plots
than in the controls, whereas in the L? plots, only the
200–50 lm POM fraction contained more N than the
controls (Table 1; Fig. 3b). Consequently, litter
removal increased the C:N ratios of the 2000–200
POM lm and 50–20 lm MAOM fractions, and litter
addition increased the C:N ratio of the 2000–200 POM
lm fraction relative to the controls, but the C:N ratio
of the\ 20 lm MAOM fraction did not differ among
treatments (Fig. 4).
Extractable, microbial and litter C and N
Litter removal reduced the amounts of C or N in
extractable SOM and microbial biomass, but there was
no effect of litter addition. Extractable C was
35 ± 7% lower in L- plots compared to the controls,
and extractable N was 44 ± 7% lower (Fig. 5a,b;
Kruskal, v2 = 6.72, p = 0.035 and v2 = 9.5,
p = 0.009, for C and N, respectively), whereas
microbial C was 49 ± 15% lower in the L- plots
(a)
(b)
Fig. 3 Differences in
a carbon and b nitrogen
content of soil particle size
fractions at 0–10 cm depth
after 13 years of litter
manipulation treatments in a
lowland tropical forest in
Panama, Central America;
particulate organic matter is
represented by the
2000–200 and 200–50 lm
fractions, and mineral-
associated organic matter is
represented by the 50–20
and\ 20 lm fractions.
Symbols and abbreviations
follow the legend to Fig. 1.
Note that the y-axes
differ among panels
Fig. 4 Changes in the carbon to nitrogen (C:N) ratios of soil
particle size fractions at 0–10 cm depth after 13 years of litter
addition (L?), litter removal (L-) and control (CT) treatments
in a lowland tropical forest in Panama, Central America;
particulate organic matter is represented by the 2000–200 and
200–50 lm fractions, and mineral-associated organic matter is
represented by the 50–20 and \ 20 lm fractions. Symbols
follow the legend to Fig. 1
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compared to controls (ANOVA: F2,11 = 5.87,
p = 0.017) but microbial N did not differ among
treatments (Fig. 5a,b). However, litter addition
reduced the C:N ratio of extractable SOM compared
to the controls, whereas litter removal had no effect
(Fig. 5c; ANOVA: F2,11 = 9.35, p = 0.004) and the
C:N ratio of the microbial biomass was unaffected by
litter manipulation (Fig. 5c). Litter C, N and C:N
ratios did not differ between either treatment and the
controls, although litter N was 18 ± 4% lower in L-
compared to L? plots (Fig. 5a,b) and consequently,
the litter C:N ratio was slightly higher in the L- plots
than in the L? plots (Fig. 5c).
Nutrient exchange rates
Finally, litter manipulation altered the exchange rates
of inorganic N, iron and aluminium in the soil during
the growing season (Fig. 6). The exchange rates of
ammonium-N were higher in the L- plots compared
to the controls (LME: v2 = 8.8, p = 0.012), indicating
greater availability of ammonium-N, especially at the
start of the growing season in June (Fig. 6a). By
contrast, nitrate-N exchange rates were substantially
higher in the L? plots but lower in the L- plots
compared to the controls at both the start and the end
of the growing season (LME: v2 = 20.1, p\ 0.001;
Fig. 6b). Interestingly, aluminium exchange rates
were twice as high in the L- plots compared to
controls (LME: v2 = 20.9, p\ 0.001; Fig. 6c),
whereas iron exchange rates were twice as high in
the L? plots (LME: v2 = 24.7, p\ 0.001; Fig. 6d),
which suggests that litter manipulation substantially
altered the mobility of these metal ions in the soil.
Discussion
Our long-term experimental treatments allowed us to
assess the potential influence of litter addition and
removal on SOM formation via changes in nutrient
availability. Although the reduction in SOM after
13 years of litter removal in our forest was substantial,
the gain in SOM with litter addition was minimal. We
hypothesised that reduced N availability to plants as a
result of long-term litter removal (Sayer et al. 2020)
would promote microbial N-mining, resulting in
higher SOM C:N ratios in the L- plots (H1),
particularly in MAOM fractions (H2). By contrast,
we expected that enhanced availability of C and N
with litter addition would result in accumulation of
POM in the L? plots (H3). Overall, the declines in
SOM-N pools with litter removal were generally
greater than the declines in SOM-C pools (Table 1),
resulting in a higher C:N ratio of the bulk soil and
specific particle size fractions in the L- plots (Figs. 1,
4), which provides evidence to support our hypothesis
that N-mining might contribute to the degradation of
SOM. However, the decline in MAOM-N with litter
removal was smaller than expected, and we found
little evidence of POM accumulation with long-term
litter addition. We discuss the evidence for microbial
N-mining of SOM alongside the changes in SOM-C
pools in response to 13 years of litter removal and
addition treatments and propose potential mechanisms




Fig. 5 Differences in a carbon (C) and b nitrogen (N) concen-
trations, and c C:N ratios of K2SO4-extractable soil organic
matter (extractable), microbial biomass (microbial) at 0–10 cm
depth and mixed leaf litter (litter) after 13 years of litter addition
(L?), litter removal (L-) and control (CT) treatments in a
lowland tropical forest in Panama, Central America. Symbols
follow the legend to Fig. 1. Note that the y-axes differ among
panels
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Evidence for microbial N-mining of SOM
with litter removal
A prerequisite for N-mining is the availability of an
energy-rich C source to microbial decomposers
capable of degrading SOM to release N (Fontaine
et al. 2011). Although our monthly litter removal
treatments effectively eliminated the majority of
aboveground litter inputs, soil microbial communities
nonetheless continued to receive fresh organic matter
inputs from three other sources: roots (including root
litter and exudates), dissolved organic matter in
throughfall, and labile C released from litter between
monthly raking cycles. Root exudates and dissolved
organic matter in throughfall in particular could
provide sufficient inputs of labile C to stimulate
microbial N-mining in the L- plots. Root exudates are
strongly associated with priming of SOM because
N-deficient plants produce exudates to stimulate
microbial mineralisation of SOM, which releases
plant-available N (e.g. Fontaine and Barot 2005;
Fontaine et al. 2007; Bengtson et al. 2012). After root
inputs, throughfall is likely to be one of the main
sources of C in the L- plots, as the amounts of
dissolved organic C in tropical forest throughfall are
almost on a par with litter leachate from the forest floor
(Schwendenmann and Veldkamp 2005). Dissolved
organic matter in throughfall could stimulate the
release of SOM-N in the L- plots via priming or
displacement because hydrophobic compounds dis-
place N-rich hydrophilic compounds on mineral
surfaces, making mineral-bound organic N particu-
larly vulnerable to exchange by incoming dissolved
organic matter (Jilling et al. 2018).
Contrary to our second hypothesis, POM-N
declined more than MAOM-N with litter removal,
and the changes in the C:N ratio were not consistent
across fractions, as only the C:N ratios in the largest
POM and MAOM size fractions (2000–200 and
50–20 lm) increased in response to long-term litter
removal. We propose that the changes in the C:N ratio
of specific fractions with litter removal are likely the
combined result of lower quality litter inputs and
N-mining (Iversen et al. 2012). Lower quality inputs
are expected in the L- plots, because nutrient-limited




Fig. 6 Exchange rates of
ammonium-N, nitrate-N,
aluminium and iron in the
soil at 0–10 cm depth in
June and November 2017
after 14 years of litter
addition (L?), litter removal
(L-) and control (CT)
treatments in a lowland
tropical forest in Panama,
Central America. Symbols
follow the legend to
Fig. 1. Note that the y-axes
differ among panels
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2004) and root N concentrations declined by 10% with
litter removal (Rodtassana and Tanner 2018). A
greater relative contribution of root litter to SOM
formation would increase the soil C:N ratio (Hatton
et al. 2015) but does not explain the inconsistent
increases in the C:N ratio across different size
fractions. In addition, previous work at our study site
revealed that litter removal has not increased root
biomass or production (Sayer et al. 2006a, 2011;
Rodtassana and Tanner 2018) and hence, although
low-quality root litter inputs could contribute to the
overall higher soil C:N ratio in the L- plots, they are
unlikely to be the sole reason for higher C:N ratios of
the 2000–200 and 50–20 lm fractions. However,
previous decomposition studies provide evidence that
reduced nutrient availability limits decomposition
processes in the L- plots (Sayer et al. 2006b; Gora
et al. 2018), and hence, we speculate that N-mining
likely contributes to the altered C:N ratios of some
SOM fractions in the L- plots.
Nitrogen-mining could explain the higher C:N
ratios of the largest POM size fraction in the L-
plots. Mineralisation rates of C and N in the sand
fractions can be higher than in the silt or clay fractions
(Turner et al. 2017) and in our study, the largest
changes in C:N ratios occurred in the 2000–200 lm
fraction (equivalent to the coarse sand fraction), which
is generally the least stabilised and potentially the
most vulnerable to degradation (Lehmann et al. 2001;
Hofmockel et al. 2011; Giannetta et al. 2019). Indeed,
POM-N may be the dominant source of N to micro-
biota (Lavallee et al. 2020) and greater fungal
abundance in POM (Gude et al. 2012) could increase
N mineralisation (Fontaine et al. 2011), which would
explain the higher C:N ratio in the 2000–200 lm POM
fraction. It is also important to note that although
microbiota will use POM less efficiently than MAOM
(Mooshammer et al. 2014), POM-N will be cycled
more tightly with lower gaseous or leaching losses
than MAOM-N (Lavallee et al. 2020), which might
become increasingly important with progressive N
limitation.
The higher C:N ratio of the largest MAOM size
fraction (50–20 lm) in the L- plots could indicate
that microbial decomposers can mine this fraction for
N. MAOM is thought to be a better source of
bioavailable N than POM (Fornara et al. 2011;
Lavallee et al. 2020), but MAOM-N only becomes a
useful source of energy and nutrients once it is
destabilised from mineral protection (Lavallee et al.
2020). Nonetheless, N-mining from the 50–20 lm
fraction is conceivable because the MAOM in the
50–20 lm fraction was richer in N than POM
(Fig. 3b) but might not be as strongly stabilised as
the MAOM in the\ 20 lm size fraction (Kiem et al.
2002). Indeed, our 50–20 lm MAOM fraction corre-
sponds to larger silt particles (Feller and Beare 1997),
and the stabilisation mechanisms of SOM in the silt
fraction are not well established (Paul 2016). As the
C:N ratio of the\ 20 lm MAOM fraction was not
affected by litter removal, it is possible that the long-
term reductions in plant inputs have altered the
capacity of the microbiota to utilise recalcitrant
substrates (Paterson et al. 2011). However, it is
unclear why litter removal would result in N-mining
from the 2000–200 and 50–20 lm fractions, but not
the 200–50 lm fraction (Table 1; Fig. 3). It is
important to note that SOM represents a continuum
of progressively decomposed organic material, and
separation of SOM into discrete pools will always
entail limitations to interpretation (Lehmann and
Kleber 2015). Although the decline in C:N ratios
among fractions in the CT plots suggests that our
particle size separation captured increasingly decom-
posed SOM pools (Poeplau et al. 2018), the observed
changes in the 50–20 lm fraction with litter manip-
ulation could indicate that this fraction contains a
significant amount of small POM (Lavallee et al.
2020).
Faster SOM cycling with litter addition?
We rejected our third hypothesis of increased POM-C
and N content in L? plots, because the increases in
POM-C and N with litter addition were surprisingly
small and only the 200–50 lm POM fraction had
higher C and N content compared to the controls
(Table 1). We previously measured accelerated litter
decomposition in the L? plots (Sayer and Tanner
2010) and hence, faster cycling of organic matter (in
which production rates and losses of SOM in different
pools are more or less balanced) could explain why
SOM C and N have not increased despite elevated
inputs of plant material (Hofmockel et al. 2011;
Sulman et al. 2018). In particular, gains in C and N
from fresh litter inputs could be offset by priming
effects, as evidenced by the disproportionate increase
in soil respiration in the L? plots (Sayer et al.
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2007, 2011). We have also demonstrated reduced C
storage in intermediately stabilised MAOM, which we
attributed to priming by fresh organic inputs (Sayer
et al. 2019). Alternatively, C-saturation of the soils at
the study site might also explain the minimal gains in
SOM with long-term litter addition (Lajtha et al. 2014)
but based on patterns across European forests, we
would expect substantial POM accumulation even in
relatively C-saturated soils (Cotrufo et al. 2019).
However, as tropical conditions are optimal for the
decomposition of unprotected SOM (Zech et al. 1997),
it may take much longer for POM to accumulate in
tropical compared to temperate forests, and it is
conceivable that the increased C:N ratio of the largest
POM size fraction indicates the beginnings of POM
accumulation in the L? plots.
Although we measured no change in the overall
C:N ratios of POM or MAOM in the L? plots, it is
surprising that the C:N ratio of the largest POM
fraction (2000–200 lm) increased with litter addition.
Indeed, the C:N ratio of the 2000–200 lm POM
fraction in the L? plots (c. 39) was much higher than
the C:N ratio of the leaf litter (c. 28), which lends
support to our interpretation that this fraction repre-
sents a source of N for microbial decomposers
(Iversen et al. 2012). The higher C:N ratio of the
2000–200 lm POM fraction in the L? plots can be
largely attributed to lower N concentrations compared
to the controls (Fig. 3). However, it is unclear why
POM-N has declined with litter addition, as multiple
lines of evidence indicate that N availability has
increased in the L? plots (Sayer et al. 2020), which
should theoretically prevent microbial decomposition
of SOM to acquire N (Hagedorn et al. 2003). Indeed,
the high exchange rates of nitrate-N during the
growing season (Fig. 6b) indicate that N supply
exceeds demand in the L? plots. Nonetheless, nutri-
ent addition to decomposing tree boles in the L? plots
increased microbial respiration (Gora et al. 2018),
which suggests that mineralization of recalcitrant
substrates is nutrient-limited.
Microbial and extractable C and N
Despite substantial differences in litter inputs, the
pattern of declining C:N ratios with soil particle size
was similar across all treatments (Fig. 4), which is
consistent with the increasing contribution of micro-
bial decomposition products at smaller particle sizes
(Lavallee et al. 2020). Across all treatments, the C:N
ratios of the\ 20 lm MAOM fraction (c. 11) were
almost twice as high as the C:N ratios of microbial
biomass (c. 6), suggesting a greater contribution of
plant material to MAOM (Cotrufo et al. 2019) but
neither the C:N ratio of the\ 20 lm MAOM fraction,
nor the C:N ratio of microbial biomass differed among
treatments. The stoichiometry of microbial biomass is
strongly constrained, especially compared to plant
material (Cleveland and Liptzin 2007), and the smaller
microbial biomass in the L- plots suggests that low
bioavailability of both C and N are constraining
microbial growth, which could influence the decom-
position of SOM. By contrast, long-term litter removal
in two temperate forests did not cause significant
changes in microbial biomass (Pisani et al. 2016;
Wang et al. 2017), although it is unclear whether N
availability was altered by the experimental treatments
at those sites. Extractable SOM had the lowest C:N
ratios of all SOM fractions, reflecting its high
bioavailability (Giannetta et al. 2019). The substantial
decline in the C:N ratio of extractable SOM with litter
addition is somewhat surprising, because it was
largely due to a decline in extractable C, which was
almost as large as the decline with litter removal
(Fig. 5a). However, the decline in extractable C in the
L? plots likely reflects both greater incorporation of
C into the microbial biomass and rapid microbial
turnover of this labile C source with greater overall N
availability.
Nutrient exchange rates as potential indicators
of SOM mobilisation
The differences in nutrient exchange rates in the litter
manipulation plots are intriguing because they poten-
tially indicate priming of SOM with both the addition
and the removal of litter, albeit via distinct pathways.
Although the higher nitrate-N exchange in the L?
plots is characteristic of high N availability and a leaky
N-cycle (Sayer et al. 2020), the higher exchange rates
of ammonium-N in the L- plots during the peak
growing season were unexpected, and could indicate
increased ammonification of organic N, which lends
support to our hypothesis of N-mining (Fig. 6).
Increased exchange rates of ammonium-N would be
expected if N-deficient plants boost root exudation to
stimulate mining of N-rich compounds from SOM
(Bengtson et al. 2012), and the ammonium-N is taken
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up by plants before it can be converted to nitrate
(Schimel and Bennett 2004).
We also measured the exchange rates of Al and Fe
as potential indicators of MAOM mobilisation from
organo-mineral complexes. Previous work at the study
site indicated that soil C priming in the L? plots could
result from the destabilisation of organo-mineral
complexes involving metal oxides, whereby partially
stabilised MAOM is replaced by sorptive compounds
from fresh litter inputs (Sayer et al. 2019). Organic
acids contained in litter leachate and root exudates can
release SOM from mineral surfaces via dissolution of
Fe3? and Al3? (Wang et al. 2014). Although we do not
know the origin or species of Al and Fe captured by the
resin exchange membranes, it is striking that the
exchange rates of Al increased with litter removal,
whereas the exchange rates of Fe increased with litter
addition. As Al or Fe oxides have a high capacity to
bind organic N (Jilling et al. 2018), the dissolution of
organo-mineral complexes involving Al and Fe could
also explain increased availability of ammonium-N
and nitrate-N in the L- and L? plots, respectively. If
Al and Fe are being released from organo-mineral
complexes due to active microbial priming of MAOM,
or dissolution of organo-mineral complexes by
organic acids in litter and root exudates (Keiluweit
et al. 2015), then distinct mechanisms are at play in the
L? and L- plots, which may both result in the
degradation of specific SOM C and N pools. It is
important to note that differences in soil pH among
litter treatments (Sayer et al. 2020) could contribute to
changes in the mobility of Al and Fe. Desorption of
SOM complexed with Fe oxides is hindered in low pH
soils (Kleber et al. 2015), and the increase in soil pH
(from 5.4–5.8) in the L? plots could have contributed
to desorption and release of Fe from MAOM. By
contrast, Al becomes more mobile at low pH (Gahoo-
nia 1993) and the decline in soil pH (from 5.4 to 5.2)
with litter removal, as well as lower soil Ca (Sayer
et al. 2020) and C concentrations, could enhance Al
mobility in the L- plots (Dijkstra and Fitzhugh 2003).
Nonetheless, as both Al and Fe play important roles in
the stabilisation of SOM in tropical soils (Zech et al.
1997; Coward et al. 2017; Rasmussen et al. 2018), the
links between the changes in SOM pools and the
relative mobilities of ammonium-N, nitrate-N, Al or
Fe in response to litter manipulation represent an
intriguing avenue of research into tropical SOM
storage.
Conclusions
Our study demonstrates, for the first time, concerted
changes in SOM C and N in response to altered
tropical forest litter inputs on a decadal time-scale.
The distribution and C:N ratios of SOM in different
particle size fractions reveal that distinct processes
may dominate the responses to litter addition or
removal. Although our study does not identify the
mechanisms underpinning changes in SOM storage in
response to long-term litter manipulation, our findings
provide valuable evidence to inform future research
into SOM stabilisation. The apparent discrepancy
between the substantial declines in POM and MAOM
with litter removal and the relatively minor increases
with litter addition might be explained by a combina-
tion of N-mining, soil C priming and rapid SOM
turnover under tropical conditions. In the L? plots,
SOM cycling was likely accelerated by increased N
availability and priming of intermediately stabilised
SOM by large inputs of fresh organic material. By
contrast, in the L- plots, we found multiple lines of
evidence for N-mining of larger SOM size fractions,
whereas the consistent C:N ratio of the\ 20 lm
MAOM fraction across all treatments suggests that
MAOM is not a substantial source of N for microbial
decomposers in these soils. The increased mobilities
of Fe with litter addition and Al with litter removal are
particularly worthy of further attention, as they
indicate changes in soil chemistry that could facilitate
microbial SOM C and N priming in both treatments,
albeit via distinct processes. Although we focussed on
C and N as the main components of SOM, it is
important to note that other nutrient elements, partic-
ularly phosphorus and sulphur, play an important role
in SOM formation and stability. In-depth SOM
characterisation by chemical and molecular tech-
niques could elucidate how changes in the relative
availability of C and nutrients affect organic matter
storage in tropical soils.
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